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Figure 1 : view of the ATLAS experiment in 2008 at CERN, during insertion of the end-cap calorimeter (left). 
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Figure 2: Left : Energy resolution as a function of energy, measured on ATLAS module 0. After quadratically subtracting the 
noise term coming from the electronics,, the resolution goes from the black dots to the red ones and can be fitted as 9%/E (+) 
0.3%.. This small constant term is essential to get good resolution at the very high energies reached by the LHC and is also 
partially dependent on electronics performance. Right : signal from a Higgs decaying in 2 photons measured in the 
calorimeter. The signal appears in red on top of the irreducible physics background in yellow. The width of the red “spike” 
is determined by the calorimeter resolution, which needs to be around 1% at 100 GeV in order to resolve in from the 
background. (plots from [1]) 
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                

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Figure 3:  traditional and “accordion” absorber geometry and liquid argon pulse before and after electronics shaping 
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Figure 4: synoptic diagram of ATLAS LAr readout. In blue, the on-detector electronics which consists only of calibration 
resistors and connectors. 180 000 cables bring calorimeter signals outside of the cryostat, while ~20 000 bring the 
calibration signals in. On the cryostat itself, specially designed crates house front-end boards that readout the signals, 
calibration boards that generate the calibration pulses, tower-builder boards that perform analog sums for the LVL1 trigger 
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Figure 5 : Principle of accordion readout and picture of the first cubic prototype in 1990  
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Figure 7.  Left : final geometry of the ATLAS LAr barrel calorimeter after optimization of cell size, segmentation in depth 
and in eta-phi. The red part corresponds to the front finely segmented strips, the blue to the middle cells where most of the 
electromagnetic shower is contained and the green to the back compartment used at high energy.  Right : overall view of 
half-barrel calorimeter with the feedthroughs at the end to bring-out the signals. 
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Figure 11 :  Schematic of JFET Charge preamp used in NA48 and ATLAS prototype as proposed and designed by BNL. 
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Figure 12. Left :  transconductance gm (at ID=5 mA) of NJFET InterfetNJ450 as a function of temperature. Right : measured 
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Figure 13: GaAs current sensitive preamplifier used in the Hadronic End Cap, developed by Munich MPI group 
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Figure 15: experimental measurement of Equivalent Noise Charge (ENC) as a function of cable length. The three curves are 
for three different shaping times : 25, 50 and 100 ns. ATLAS corresponds to the red curve (25 ns) which shows no noise 
penalty with a long line compared to without line. The classical case corresponds to the blue curve (100ns) which shows a 
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Figure 17: Equivalent noise current ENI as a function of shaping time as measured on GaAs preamplifiers and ØT 
preamplifiers for various detector capacitances (1, 1.5 and 2.2 nF). The experimental measurements are fitted in order to 
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Figure 19 : synoptic diagram of current sensitive preamplifier and shaper CRRCn. This diagram also applies for ØT 
preamplifier, for which the cable is located before the preamplifier instead of after. 
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Figure 20.  Left : shaper response to the triangular ionization current for various preamplifier time constants ( = p/ sh ). 
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Figure 21: Noise spectral density and Equivalent Noise Current (ENI) of current sensitive (top) and charge sensitive 
(bottom) configurations. The second stage noise is smaller at short shaping time for current sensitive configurations 
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Figure 22: Series and parallel noise coefficients as a function of preamplifier risetime to shaping time ratio .(top) and 
CRRCn filter order (bottom). The terms Bs and Bp which are used in Equation (3) to calculate ENI are almost independent of 
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Figure 23: Total noise in a 3x7 cluster as a function of signal peaking time at low (L=1033 cm-2s-1) and high (L=1034 cm-2s-1) 
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Figure 25: shaper waveform for minimum and maximum peaking time adjustment. .In dashed line the input signal from the 













Figure 26: linearity of the shaper + ØT preamplifier on the three gain ranges. 
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Figure 28  Left : autocorrelation function of ØT preamplifiers.  Right : signal before and after digital filtering. The red curve 
is the signal before digital filtering, from which the 5 samples gi={0, 0.63, 1, 0.8, 0.4) are taken. The green curve is the signal 
after digital filtering at low luminosity, applying coefficients ai={0.17, 0.34, 0.4, 0.31, 0.28}, resulting in a twice slower 
signal and reducing the electronics noise by a factor 1.8. The blue curve is the output waveform at maximum luminosity, 
applying coefficients ai= (-0.75, 0.47, 0.75, 0.07, -0.19) resulting in a faster and narrower waveform, minimizing the pileup 
noise. 
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Figure 29.  Left : digital shaper transfer function corresponding to the slower pulse as obtained with the z-transfrom. 
 Right : noise after digital filtering. The bumps at multiples of the sampling frequency (40MHz) produce aliases of the noise 
that have a sizeable contribution to the overall rms noise. 
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Figure 30: Noise reduction as a function of analog shaper peaking time 
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Figure 31: noise autocorrelation function : solid line :  
electronics noise, dashed line : pileup noise. 
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Harnesses 913 and 982: Corrected Amplitude vs td/C  300K and 77K 
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Figure 33.   Left : signal amplitude at the end of a cable of mismatched impedance Rc terminated in 50.   
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Figure 35 : synoptic diagram of the calibration signal path, made of several different cables : Harness A from motherboards 
to patch panel, Harness B form patch panel to feedthroughs, harness C inside the feedthrough and Harness D from 
Feedthrough to calibration boards 
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Figure 34.   Left : calibration pulse amplitude at the end of the calibration harness, showing the attenuation due to skin effect in 
the warm (red) and in the cold (blue). Right : attenuation as a function of cable length warm and cold. The effect of several % 




Figure 36: Overview of the calibration mockup at BNL (top left). Example of calibration pulse recorded at the beginning and 
end of the calibration distribution path. Pulse shape reconstructed after digital filtering simulating LAr readout chain and 











Figure 37 : principle of calibration pulse distribution. The calibration line is terminated by a resistor RTERM and drives 8 to 
16 injection resistors RINJ. The lines on the motherboard that bring the calibration pulse to the detector are equalized in 
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Figure 38 : measured values of calibration resistors in Presampler, Front, Middle and Back sections of the calorimeter. The 
dispersion is always lower than 0.1%, as requested. 
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Figure 40 : calibration pulse shape 
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Figure 41 : photograph and detailed schematic of the first CAMAC calibration  pulse generator used in the testbeam of the 2 m 
prototype in 1992-1994. The same schematic was kept for Module 0 calibration boards, but the apparition of surface mount 
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Figure 43.  Left : calibration waveform at small DAC values without shaping.  Right : same waveforms after shaping (right). 
Two parasitic effects degrade the pulse accuracy and produce a non zero signal at DAC=0. 
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Figure 44: amplitude distribution over 128 channels of the 11 module 0 Calibration boards. The uniformity goes from 0.19% 











              

•           

               

• 




         

          




Figure 45 : overview schematic of the analog part of the final ATLAS calibration board 
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Figure 47 : DAC linearity on the three ranges 0.01, 0.1 and 1 V corresponding to the three gains 1-10-100 of the readout. In 
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Figure 49: Low offset opamp layout in DMILL technology (left). Offset distribution before trimming (right). Only the chips 
within 250 µV were trimmed to15 µV, giving a yield of 60%. 
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Figure 50: schematic diagram of the DMILL  low offset opamp  used to generate the precise DC calibration current IDAC. 
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Figure 51:  output current as a function of gamma dose (left) and neutron fluence (right). The opamp is stable within 25µV in 
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Figure 52 : calibration waveform at DAC=0 for various gate 
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Figure 54 : Picture of the 8 channels board. The size of the board is ATLAS –like from the front panel to the output 
connectors. All chips are located on the same side of the board on contrary to the beam test board. Only passive components 
and transistors are located of the other side. The board is a 8 layers PCB. 
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Figure 53: parasitic injection charge after shaping for 
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Figure 55:  ground bounce due to digital signal coupling 
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Figure 59: DC linearity of the DC current on the 3 scales (in ‰) 

IDC/DAC P0 P1 RMS
High Gain 2.5 µA 3.0080 µA/DAC 58 ppm
Mid Gain 7.1 µA 3.0056 µA/DAC 85 ppm
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Figure 60: dispersion of the output DC current of the 128 channels for DAC=0 and for ranges 0-2 mA  and 0-20 mA. 
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DAC = 0 4.52 µA 2.2 µA  
DAC=10 mV raw 1.975 mA 2.74 µA 0.14%
DAC=10 mV corr. 1.971 mA 1.5 µA 0.07%
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Figure 61 : calibration waveforms before (left) and after (right) shaping. The curves cover the DAC range 100 µV-1V and 
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Figure 62 : linearity of the calibration pulse. Residuals in per-mil to the linear fit on the three DAC ranges 0-10 mV, 0-100 
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Figure 64 : output line resistance of a good (black) and faulty (red) calibration board. The larger resistance is due to crack 






























CHAPTER 3  




   
    


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  48   
      
       
      
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Figure 67 : equipotential lines in detector 
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Figure 69 : propagation delay (left) and characteristic impedance (right) of the 3 samplings + connection 
Figure 68: capacitance to ground (green) to the neighbours 
(blue) and total (red) for the front (top) middle and back 
(bottom) samplings of the barrel calorimeter 
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 Figure 70 : impedane as a function of frequency of the line 
model and lumped using C1+C2 and L2 
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     Figure 72 : measured detector impedance 
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Figure 73 : measured inductance on the calorimeter barrel calorimeter compared to the calculated values. The pattern is 







Figure 74: photograph of a summing board that gangs 4 electrodes in phi and route the signals to the motherboard. 
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Figure 75 : calibration and readout signal path showing the different cables and connectors. 
Figure 76: photograph of the summing boards (left) and motherboards (right)  with low profile connectors and output cables 






Figure 77: simulated detector impedance at the end of 5 m cable and feedthrough with various mismatches. The resonant 











Figure 78: experimental setup to measure the resonant frequencies in the calorimeter. Example of measurement (right) both at 




Figure 79: resonant frequency measurements in the barrel calorimter both at warm (black) and in liquid argon (red). The 

















































































































































Figure 81.  Left : calibration and physics waveforms. The calibration waveform exhibits a “shoulder” due do the detector 
inductance LD and a smaller amplitude leading to a ratio Phys/Calib which is a function of the detector inductance (and also 
of detector capacitance). This effect needs to be corrected and requires the capacitance and inductance measured to ~10% 
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Figure 83 : signal and crosstalk waveforms are shown for two different preamp impedances and 15 ns CRRC2 shaping. In 
red, a small impedance such as RinCd=1 ns corresponding to an almost ideal preamp and in blue a preamp corresponding 
to the 0T ATLAS case in which RinCd=tau=15ns. The coupling capacitance is taken such as Cx=Cd for normalization. 
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 84  Left : measured waveforms with the effect of various crosstalk capacitances between one channel and its 
neighbours. On the top left plot, the effect on the signal which decreases and slows down and on the bottom left,  the 
crosstalk signal.  Right : measured crosstalk on both sides in the calorimeter strips (multiplied by 10) compared to the main 
signal (solid line). In the calorimeter, the crosstalk capacitance is 40 pF to both sides, giving a crosstalk of 7-8%, with an 














Figure 85 : theoretical crosstalk amplitudes as a function of  and normalized to CX/CD = 1.  Bottom curves : Xmax and 
X(tmax) as a function of CD + CX  for 25 and 50  preamplifiers,  = 15ns CRRC2 shaper, normalized to CX =1. Knowing 
CD + CX  , the crosstalk in % is obtained by multiplying the value on the plot by CX. For example in the strips, CD=150 pF 
and CX =50 pF, the top curve in the middle plot gives 0.16%/leading to Xmax=0.16* CX = 8%. 
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Figure 87 : detector (CD) and crosstalk (CX) capacitance in barrel and end-cap strips as a function of pseudo-rapidity 
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Figure 91: 0 rejection factor as a function of crosstalk level. The left plot shows the impact of signal crosstalk and the right 
plot shows the effect of noise correlation. In ATLAS strips, crosstalk is 8%, leading to a negligible degradation 
Figure 89 : correlated noise modelization 
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Figure 92 : view of ATLAS feedthroughs and photograph of the pin carriers that 
transmit signals while the ground return is taken on the walls of the flange. 
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Figure 93 : pin carriers used on the feedthroughs to pass the signals. 
•  
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Figure 94 : Crosstalk (in %) as a function of channel number. The channels 4, 6, 13, 15, 20, 22 29 and 31 receive the 
calibration pulse. The stars are the testbeam data, the squares the testbench measurements and the circles are the same data 
with all cables and detector capacitors soldered on the motherboard, almost removing all crosstalk. 
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Figure 95 : crosstalk signals due to the inductive ground return between summing boards and motherboards shared by 
several signal lines.The two curves corresmond to channels closest  and  furthest away of the ground return. The dashed 
curve, almost invisible on zero shows the crosstalk signal when the detector capacitance is soldered directly on the 
motherboard. 

Figure 96: crosstalk due to ground apertures on the motherboard 

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Figure 100 : ILC bunch structure. The collisions take place during trains of 1 ms separated by a 200 ms inter-train during 
which the readout is performed and the electronics switched off.

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ATLAS LAr FEB  128ch 400*500mm  1 W/chCALICE :  18ch 
10*10mm 5mW/ch
ILC : 64 ch 4x5mm 25µW/ch

 
Figure 101 : Sketch comparing the 128 channels ATLAS LA front-end board, to the chips used in CALICE and the ultimate 
version for ILC. Four orders of magnitude need to be gained both in area and in power dissipation, which should be 
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e+e- → W+W– at √s = 800 GeV
Reconstruction 
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Figure 106: shaper output waveforms for various preamp 
gains 
Figure 107: Preamp equivalent noise charge (ENC) 

























Figure 109. Left : MIP signal and noise histogram. The MIP/noise ratio of 8 allows to cut away signals below ½ MIP in the 






Figure 108.  Left : output voltage as a function of input charge for various gains. 
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Figure 110: view of the EUDET ECAL module of 
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Figure 112: photograph of FEV5. This Front End Board which matches EUDET dimensions can accommodate 4 wafers of 9 
x 9 cm2 with 324 channels each. One wafer is readout by 4 HARDROC chips which are bonded in a cavity inside the PCB. 
This allows the total thickness of the PCB and its readout electronics to remain around 1 mm. The bottom right metallurgical 








               





















       


      







    

    

























































Figure 114 : Equivalent Noise Charge of the preamplifier as a 
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Figure 115. Left : simulated energy resolution for analog, digital and semi-digital hadronic calorimeters between 100 and 3 
GeV. The semi-digital option with three thresholds gets the best performance at both low and high energy. Right : resolution 
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     
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Figure 120: : threshold for 50% trigger efficiency for the 64 channels of HARDROC1 
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Figure 122: digital part of HARDROC1 
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Figure 123: Four chips read-out sequentially, with the scheme described in §3.1.3. Each chip provides 128 events with 2 bits 





































Figure 125 Left : testbeam arrangement at CERN, consisting of 5 RPC planes of 32x8 cm2 radout by HARDROC1. 




Figure 126 Left : effiiciency as a function of high voltage. The chamber uses Lycon resistive paint (20 M) and TFE 93%, 
Isobutane 5%, SF 2%  gas mixture. Right : Multiplicity as a function of High voltage. With this chamber an efficiency >95% 
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•               








Figure 127: synoptic view of HARDROC2, layout and packaged chip in TQFP160 plastic package 
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Figure 129 Left: gain dispersion on HaRDROC1 before(red) and after (green) preamp gain adjustment. The dispersion are 
respectively 9% and 5%. Right : Same plot for HaRDROC2, for which the dispersions are 6% and 1.5%. The better figures 
are due to a better layout of the current mirrors and 2 additional bits for gain tuning. 
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stage current "on" current "off"
Preamp 5.4 mA 0
Fast Shaper 12.3 mA 0
Discris 7.3 mA 1 µA
DAC 2.0 mA 0
digital 1.1 mA 3 µA
TOTAL (64ch) 29 mA 4 µA 


Figure 130 Left : Table of power consumptions for the various stages of 





















Figure 131 Left : discriminator signal and fast shaper output of neighbouring channel. The digital coupling to the input 









Figure 132 : square meter prototype of RPC detector with 1 cm2 granularity, designed by IPNL group. The detector is read-
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Figure 134: view of one layer of the AHCAL with scintillating tiles, detail of SiPM implementation and electronics readout. 
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Figure 136: MIP and single photoelectron response in physics and calibration modes (50 ns and 150 ns shaping time) 


              
             




Figure 137:  Left : input 8bit 5V DAC schematic. Right : linearity of the 18 channels, exhibiting residuals within ±2% 
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Figure 138: front-end board and detector connection to the ASIC and photograph of the HBU board designed by DESY to 
read 18 channels  
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Figure 141: layout of SPIROC1 






















































































Hit channel register 16 x 36 x 1 bits
TDC ramp
StartRampTDC
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Figure 146.  Left : Trigger efficiency as a function of DAC setting for 0 and 50 fC charge input, corresponding to 1/3 
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Figure 147.  Left : response of the 36 ADC channels with superimposed linear fit. The residuals and dispersion are shown in 













Figure 148.  Left : Residuals to the linear fit of the 36 channels in ADC counts. The integral non-linearity (INL) is 1 LSB, 
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Figure 149 : view of the target tracker of the OPERA experiment 
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Figure 150 : schematic diagram of one channel of OPERA_ROC 
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Figure 151.  Left : schematic diagram of the input preamplifier. Right : simulated input impedance as a function of frequency 
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Figure 155.  Left : slow shaper output waveform for various preamplifiers gains. Right : linearity of the gain correction 
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Figure 157: slow shaper output for various input charges and peaking time variation(right) 
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Figure 158.  Left : pedestal dispersion for the 32 channels. Right : photomultiplier single photoelectron spectrum taken with 
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Figure 161:  schematic diagram of MAROC2 ASIC. 
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Figure 167.  Left : schematic of the transimpedance amplifier in SiGe. Right : simulated open loop gain and phase vs frequency. 
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Figure 171 : pedestal dispersion on the 64 channels of the slow shaper and non linearity up to 6 pC input charge (40 pe) 
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Figure 173 : S-curves for various preamp gain. The trigger scales (fortunately) linearly with the gain setting and the resuslts 
for various thresholds (lower plot) show the disperison due to gain dispersion from the one due to offsets dispesion 
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Variable gain I mirrors









































Figure 175: substrate coupling between input common base amplifier and output mirror. This positive feedback 











Figure 176.  Top : DC uniformity of bipolar and unipolar shapers, showing a dipersion twice better for the unipolar. Bottom 

















             

























OPERA_ROC MAROC1 MAROC2 MAROC3 HARDROC
gain correction 0-3.5 (6 bits) 0-4 (6bits) 0-4 (6bits) 0-2 (8 bits) 0-2 (8 bits)
fast shaper gain 2.5 V/pC 1 V/pC 6 V/pC 6 V/pC 3.5 V/pC
fast shaper noise 1.8 mV 1 mV
trigger dispersion at 50fC 4 fC 4 fC 3 fC 1 fC
slow shaper gain 120 mV/pC 150 mV/pC 160 mV/pC
#channels 32 64 64 64 64









Figure 179 : view of the PMF mounted on the MaPMT and the complete detector with the 25 PMFs, connected with flexible 
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Figure 180 : principle of the square meter 




















































































Figure 183 : DAC linearity for the two 10-bit threshold DACs. The residuals are at the level of ±0.1% 










Figure 184.  Left : preamplifier output waveform for 10 photoelectron (1.6 pC) input pulse. Right : Linearity of the gain 






















Figure 185.  Top left : waveforms of fast shaper and discriminator outputs for one photo-electron input (160 fC) un-averaged 
to also show the noise. Top Right : S-curve on pedestal. Bottom left : S-curve for 160 fC input signal. Bottom Right : 
dispersion of the 50% trigger threshold over the 16 channels 
 

Figure 186.  Left :Threshold as a function of input charge. The minimum threshold of 100 fC corresponds to 10 times the 


























Figure 188 : On line display of ADC measurement.  Top left : minimum (red), average (green) and maximum (white) ADC 














































Figure 191.  Left : single photo-electron response measured with PARISROC and a XP8010 photomultiplier. The red curve 
compares to the direct measurement with an oscilloscope and shows the similar spectrum and the good peak to valley of 2 
obtained with the system. Right : time measurement measured on the discriminator output of PARISROC and a a XP8002 
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